Abstract Relatively recent recognition of the importance of endogenous lava emplacement mechanisms requires updating of groundwater models for some volcanic terranes because voids produced during lava inflation play a more significant role in their hydrogeology than has generally been recognised. Highly integrated, underground drainage systems in some very young lava flows in Iceland exemplify the potentially complex, fissured and conduit aquifers which may exist. Similarities between such aquifers and easily polluted, karstic conduit aquifers suggest greater research and more careful and protective management of some volcanic aquifers are warranted. Interpretation of aquifer structure can be impeded on very old lava flows by superimposition of sediments and accumulation of weathering residues but, if emplacement was by endogenous processes, then relicts of similar void systems may persist and pose similar hazards.
Introduction
Rapid infiltration leads to very dry conditions on the surface of some volcanic terranes, with even large allogenic streams sometimes sinking underground upon reaching a lava plain. The earliest colonising vegetation on fresh lava flows typically comprises xerophytic species or, in very humid environments, mosses and bolster communities (Johnson and others 1968; Crawford 1992) . Unless a clayrich regolith perches water, procurement of an adequate supply may remain problematic. Difficulties may arise in establishing bores because aquifers in hard volcanic rocks tend to be heterogeneous and discontinuous. They are generally unconfined and fissured, their transmissivity is high, and the water table may occur at considerable depth (Davis and De Wiest 1966; Ollier 1969) . Springs associated with basalts may be very large (Todd 1980) but are typically restricted to lava-flow margins. Concern has occasionally been expressed regarding the potential for lava-tube caves to facilitate groundwater contamination similar to that afflicting some karst aquifers (Grimes 1999; Halliday 2000 Halliday , 2001 . This paper comments on new understanding of lava emplacement mechanisms and infers much greater opportunities for transmission and storage of groundwater than previously recognised, illustrating this with observations from very young lava flows in Iceland. Potential implications for aquifer structure and function in similar, young endogenous flows are assessed, based on observations from other basaltic terrains and literature sources. The issue of poor understanding of the nature of flow in basaltic aquifers is discussed and evidence is provided of opportunities for potential pollution hazards. Attention is drawn to the potential for attributes similar to those in a 200-year-old Icelandic lava flow to persist in older flows, illustrating this and potential management issues, using examples from Australia.
Hydrogeological overview of volcanic terranes
Ash deposits near volcanic vents tend to be highly permeable and springs may occur downslope due to better sorting of ash with increasing distance from a vent, the reduction in pore size promoting water retention by molecular attraction. Alluvial sediments beneath lava flows may also be important aquifers (Ollier 1969) . Particularly large springs may occur from pillow lavas where interstices contain secondary minerals. Porosity derived from basalt petrofabric results primarily from vesicles and minor intercrystalline voids. The porosity of volcanic rocks ranges from <1% for dense basalt to >85% for pumice (Davis and Wiest 1966) . Porosity of dense massive lava is typically 1-10%, and 10-50% for vesicular basalts. Pahoehoe is generally more permeable than aa (Davis and De Wiest 1966) . Darcian flow cannot be assumed because a variety of larger structures are also important, including pronounced partings between lava layers and cooling contraction cracks. Sen (1995) attributes hydraulic conductivities of up to 10 4 m/day to vesicles and cooling contraction cracks. Post-eruptive fissuring is also common in tectonically active areas. Aquifers are not generally confined to separate lava flows where vertical fractures are well developed (Fetter 1988) . Only minor peripheral spaces are formed around undrained lava tubes when they cool and contract, but large voids may remain when lava tubes drain. Such lava-tube caves have generally been regarded as of limited, overall significance although some have been used to gain access to groundwater, with municipal waterworks having been constructed in one cave on Terceira, Azores, and dams constructed on streams in lava caves in Utah and Hawaii (Ollier and Brown 1965; Kiernan 1982; Webb and others 1982; Halliday 2001) . Only two rivers maintain a north-south surface course across the 12,000-km 2 lava plains of western Victoria, Australia, and all rivers which descend along 320 km of the northern edge of the Snake River Plain, Idaho, USA, sink into lava before rising from large springs (Ollier 1969) . Such springs are commonly assumed to be fed by infiltration into joints and fissures which is deflected laterally along the base of the flow, voids between flow units or relatively impermeable palaeosurfaces (Ollier 1969; Kulkarni and others 2000; Kambesis 2000). The 3,000-mthick lava sequence of the Columbia Plateau is so broken up in some zones as to be practically a rubble, with gas bubbles, lava tubes and small caverns adding to the porosity and storage capacity, and permeable gravels and sands occurring between lava layers (Johnson Division 1966) . Wells in the top 300 m of these lavas yield 216,000-432,000 l/h (Fetter 1988), a productivity which Todd (1980) attributes to a high permeability permitted by lava tubes and shrinkage cracks. Some have suggested the most important structures permissive of transmission and storage are, in order, interstitial spaces in clinkery lava at the tops of lava flows, cavities between lava beds, shrinkage cracks, lava tubes, vesicles, fissures resulting from faulting and cracking after rocks have cooled, and tree moulds (Maxwell and Hacket 1963; Todd 1980) . Permeability may change over time. Large caves occasionally form due to piping of volcanic ash (Kiernan 1982) . Ongoing tectonism, loading or unloading may cause further fracturing of basalts, as illustrated by a fissure swarm metres wide through lava fields created by a large earthquake in Iceland in early 2001. Some void widening may also occur due to stream erosion or dissolution of minerals, as in the case of a stream cave 1 km long and up to 14 m wide and 17 m high on the eastern slope of Mauna Kea, Hawaii (Werner and others 2000) . Few, large erosional stream caves of this kind have been reported from basalts, however, suggesting that the largest void systems are likely to remain primary structures. A greater volume of surface runoff is often evident from older lava flows, suggesting that infiltration is progressively inhibited by the in-washing of sediment (Sen 1995). Bore yields from aquifers in weathered basalts are often significantly lower than those from less-weathered basalts, consistent with infill by weathering residues which have a greater mass than the original rock. However, bore yields and spring discharge sometimes remain high, and rapid rises in discharge after rainfall, followed by rapid recession as transmissibility and hydraulic gradient decline sometimes suggest only limited storage (Kambesis 2000) . Such attributes may suggest an aquifer structure more akin to an open, urban storm-water drain system than one involving progressive release of water from very small voids. However, discharge through buried gravels and sands may be very high.
Void systems in tube-fed lavas
Some deficiencies in knowledge of lava-flow hydrogeology probably result from incomplete understanding of lava emplacement processes and their implications for bedrock structures. New understanding of lava emplacement mechanisms suggests the relative significance of these structures warrants reconsideration in updating hydrogeological models. Formerly, large lava flows were thought to have been emplaced by rapid and turbulent flood events (Shaw and Swanson 1970) . In recent years there has been increasing recognition of the importance of endogenous lava emplacement, whereby lava moves forwards over low-gradient slopes not as single, rapid flood events but as successive, sheet-like flow units fed by internal tubes of lava (insulated beneath congealed surface crust). This enables flow injection under hydrostatic pressure (Hon and others 1994; Self and others 1996) , although the precise relationship between the formation of sheet flow units and lava tubes is not entirely resolved. In addition to leaving a legacy of distinctive surface landforms, this process may leave large subsurface voids including major fissures and drained lava tubes. Re-evaluation of the emplacement processes applicable to many lava flows previously regarded as flood basalts remains in its infancy, and hence potential hydrogeological implications have received relatively little attention. Given the acknowledged hydrogeological importance of such structures at a local scale (Todd 1980; Halihan and Wicks 1998) , it follows that if endogenous emplacement was more widespread than previously recognised, then they may be of greater overall
